ABSTRACT: Zn 2 GeO 4 nanorod/graphene composites (ZGCs) were yielded by a two-step hydrothermal processing. Crystalline and amorphous regions were found to coexist in a single Zn 2 GeO 4 nanorod. The surface of the Zn 2 GeO 4 nanorod was compactly covered and anchored by graphene sheets. The ZGCs were then utilized as anodes for lithium ion batteries (LIBs). Intriguingly, partially crystalline ZGC containing 10.2 wt % graphene possessed excellent electrochemical performance, namely, high reversible capacity (1020 mA h g −1 in the first cycle), favorable cyclic performance (768 mA h g −1 after 50 cycles), and commendable rate capability (780 mA h g −1 at the current density of 0.8A g −1 ). The amorphous region in partially crystalline Zn 2 GeO 4 nanorods and the elastic graphene sheets provided the accommodation of volume change during the charge and discharge processes. These advantageous attributes make ZGCs the potential anode materials for LIBs.
■ INTRODUCTION
Because of their high energy density and capacity of storing and supplying electricity over a long period of time, lithium-ion batteries (LIBs) have received much attention. 1−3 The commonly used carbon anode materials, specifically graphite, have a low theoretical capacity (∼370 mA h g −1 ). In this context, it is critical to explore new anode materials to improve the capacity of LIBs. The binary and ternary compounds (i.e, GeO 2 , Zn 2 MO 4 (M = Ge, Sn)) have been used to restrain the volume expansion, improve the capacity, and reduce the costs of LIBs. 4, 5 It has been demonstrated that the anodes containing pure crystalline Zn 2 GeO 4 nanorods prepared by the hydrothermal reaction exhibited a capacity of 616 mA h g −1 after 100 cycles. 3 Conversely, pristine rod-like nanocrystalline Zn 2 GeO 4 anodes with a capacity below 290 mA h g −1 after only 10 cycles were also reported. 6 Quite interestingly, amorphous Zn 2 GeO 4 nanoparticles were found to be good anode materials for LIBs as well owing to a high reversible specific capacity of 1250 mA h g −1 . 7 The amorphous Zn 2 GeO 4 was believed to reduce the anisotropic expansion and eliminate the stress during the charge and discharge processes. Clearly, it remains a challenge to rationally design and synthesize Zn 2 GeO 4 -based nanomaterials with specific microstructures to accommodate the volume expansion in LIBs.
Because of their structural anisotropy, nanorods have garnered significant attention for use in LIBs to decrease the lithium ion diffusion distance and increase the electronic pathway as well as interfacial contact area with electrolytes. 8−10 To this end, ternary oxides with the nanorod-like structures have been regarded as the promising candidate for anode materials in LIBs. 3 Despite the previous work on crystalline Zn 2 GeO 4 nanorods 3, 6, 11 and amorphous Zn 2 GeO 4 nanoparticles, 7 mesoporous oxides containing nanocrystalline domains within relatively thick amorphous walls, 12 Zn 2 GeO 4 nanorods possessing intriguing partially crystalline structures have not yet been reported. On the other hand, two-dimensional graphene is often chosen as the matrix to provide the support for inorganic anode materials 13 due primarily to its large surface area 14 and outstanding conductivity. 15, 16 Herein, we report a viable two-step hydrothermal route to partially crystalline Zn 2 GeO 4 nanorods/graphene composites (ZGCs) as anodes for high-performance LIBs. The resulting partially crystalline Zn 2 GeO 4 nanorods (i.e., containing both crystalline and amorphous regions in a single nanorod) combine the advantages of both amorphous (i.e., the absence of phase change) and crystalline (i.e., well-define crystalline system and rod-like morphology) Zn 2 GeO 4 . In ZGCs, the graphene sheets and partially crystalline Zn 2 GeO 4 nanorods act as the spacers for one another. More importantly, the amorphous region of Zn 2 GeO 4 and the elastic graphene sheets offer the collective accommodation for the volume change of partially crystalline Zn 2 GeO 4 nanorods during the charge and discharge processes, resulting in an excellent cycling performance. Notably, the partially crystalline ZGC comprising 10.2 wt % graphene exhibited an excellent electrochemical performance, that is, high reversible capacity of 1020 mA h g −1 in the first cycle, outstanding cyclic performance of 768 mA h g −1 after 50 cycles, nearly 100% Coulombic efficiency, and commendable rate capability of 780 mA h g −1 at the current density of 0.8A g −1
.
■ EXPERIMENTAL SECTION
Pure Zn 2 GeO 4 nanorods were synthesized using a low-temperature hydrothermal reaction as reported in our previous work. 11 Graphite oxide was prepared with a modified Hummer's method. 17 After being sonicated for 2 h, graphene oxide was added into the solution containing as-synthesized Zn 2 GeO 4 nanorods. Subsequently, a second hydrothermal process was conducted. The final product was freezedried. Submicron-sized Zn 2 GeO 4 particles were synthesized by the solid-state method. Mechancially mixed submicron-sized Zn 2 GeO 4 particle/graphite composites were also prepared for comparison. The CR2032-type coin cells were fabricated in a glovebox. The electrochemical performances of active materials were evaluated. More experimental details are described in the Supporting Information. Figure 1a depicts the XRD patterns of Zn 2 GeO 4 nanorod/ graphene composites (ZGCs) containing 10.2 wt % graphene (denoted ZGC10; curve 1; see Supporting Information and Figure S1a ) and pure Zn 2 GeO 4 (curve 2). The emergence of characteristic diffraction peaks is in good agreement with the rhombohedral phase of Zn 2 GeO 4 (JCPDS No. 11-0687). The disappearance of the characteristic (002) peak of graphene at 2θ = 25°can be ascribed to the poor crystallization and the absence of considerable layer-to-layer stacking of graphene. 18, 19 We note that the XRD results were further substantiated by the XPS (Supporting Information and Figure S2 ) and Raman measurements (Supporting Information and Figure S3 ). Taken together, the as-synthesized composites were composed of graphene and Zn 2 GeO 4 .
■ RESULTS AND DISCUSSION
A representative TEM image of ZGC10 showed that Zn 2 GeO 4 nanorods were 1.25 μm long with a diameter of 200 nm (Figure 1b) . Of particular interest is that Zn 2 GeO 4 nanorods were tightly covered and anchored by highly flexible graphene sheets (inset in Figure 1b , Figure S4b ,c and Figure  S1b) . Furthermore, the selected area electron diffraction (SAED) of ZGC10 containing 10.2 wt % graphene ( Figure  1c ) displayed two sets of diffraction patterns: one with isolated and disordered dots that were assigned to graphene sheets and the other with ordered rings originating from Zn 2 GeO 4 nanorods. Surprisingly, partially crystalline Zn 2 GeO 4 nanorods were generally found in ZGCs (e.g., both ZGC10 ( Figure 1d Figure S5 .
The electrochemical impedance spectroscopy (EIS) measurements on graphene, ZGC10 and ZGC9 were performed to study the effect of the addition of graphene on conductivity after the 1st cycle ( Figure 2a) . Obviously, the resistance originating from the surface film and charge transfer (i.e., R(sf + ct)) 20 increased with the increased amount of graphene, from 28 Ω for graphene to 168 Ω for ZGC9, based on the equivalent electrical circuit model analysis ( Figure S6 ). 20 The largely improved conductivity of ZGC10 (i.e., R(sf + ct) = 132 Ω as compared to 168 Ω for ZGC9) provided the tangible contribution to electrochemical performance in LIBs. The charge/discharge cycling at the constant current was performed to evaluate the electrochemical performance of partially crystalline ZGCs as electrode materials for LIBs. The pure Zn 2 GeO 4 nanorods (approximately 100−150 nm in length and 50 nm in diameter, Figure S4a ), pure graphene, and Zn 2 GeO 4 / graphite composites (under 50 mA g −1 ) were also employed as controls to highlight the advantages of partially crystalline ZGCs as electrode materials. Figure 2b compares the charge/ discharge of graphene and composite electrodes at the 1st cycle and the 1st, 2nd, and 50th cycles at a current density of 200 mA h g composite electrodes, an obvious discharge plateau at ∼0.8 V in the 1st discharge curve was observed ( Figure S7 ). Interestingly, the 1st discharge capacity was up to 1508 mA h g −1 , and the 1st charge capacity of 1020 mA h g −1 was retained, thereby leading to an impressive Coulombic efficiency of 67.6%. We note that the initial capacity loss resulted from the incomplete conversion reaction and the formation of a solid electrolyte interphase (SEI) layer due to the decomposition of electrolyte. 21 When the 2nd charge/discharge cycling was conducted, the plateau slightly raised to around 0.92 V owing to the decrease in surface energy of ZGC10. 22 The charge capacities of partially crystalline ZGC10 were 867 and 768 mA h g −1 at the 2nd and 50th discharge processes, respectively. In contrast, for graphene, no obvious voltage plateau was seen, and the 1st discharge and charge capacities were 1819 and 1029 mA h g −1 , respectively. We note that single graphene typically suffers from the stacking of one sheet over another, resulting in multilayer graphene sheets, which lead to serious irreversible capacity despite its high initial discharge capacity (as high as 2042 mA h g
. 23−25 However, the agglomeration of graphene between layers can be prevented to retain their highly active surface area by anchoring other nanostructures on the single graphene sheet. 13 The discharge/charge cyclabilities of ZGC10 ( for pure Zn 2 GeO 4 , respectively. Obviously, the discharge and charge capacities of ZGCs measured experimentally were higher than the calculated capacities, that is, an extra discharge capacity of 88 mA h g −1 and an extra charge capacity of 388 mA h g −1 for ZGC10, respectively (see Supporting Information). This explicitly suggested that the interaction between partially crystalline Zn 2 GeO 4 and graphene promoted the lithium storage performance of composites. The extra discharge capacity can be attributed to the decomposition of electrolyte and the larger electrochemical active surface area contributed by graphene. 23, 26 The specific capacity of pure Zn 2 GeO 4 electrode was reduced to 114 mA h g −1 after 13 cycles ( Figure  S8a ). As an intriguing comparison, Zn 2 GeO 4 /graphite composites (containing 80 wt % graphite) have the discharge/charge capacities of 496 mA h g −1 (50th cycle) ( Figure 2c ). As the amount of Zn 2 GeO 4 particles increased, the discharge/charge capacities of Zn 2 GeO 4 /graphite composites were appeared at ∼400 mA h g −1 (50th cycle) owing to the subtle balance between high theortical capacity of Zn 2 GeO 4 and the limited accommodation of the volume expansion for Zn 2 GeO 4 from graphite in mechanically mixed Zn 2 GeO 4 /graphite composites ( Figure S9) .
The charge capacity of ZGC10 remained at 768 mA h g −1 , representing a 88.6% retention of the 2nd charge capacity after the 50th cycles. The Coulombic efficiency exhibited a rapid rise from 67.6% of the 1st cycle to approximately 100% after the 2nd cycle and beyond. A comparable capacity of 514 mA h g To further scrutinize the electrochemical performance, rate capacities of partially crystalline ZGCs were carried out at various current densities between 100 mA g −1 and 0.8 A g −1
( Figure 2d and Figure S8c ). The reversible specific capacity of indicated a markedly improved rate performance as compared to the previous two reports on highly crystalline pristine Zn 2 GeO 4 nanorods under 0.8 A g −1 , i.e., ∼600 mA h g −1 3 and almost 0, respectively. 6 The above-mentioned reversible specific capacity of ZGC10 is much higher than that (∼300 mA h g −1 ) of Zn 2 GeO 4 particle/graphite composites (containing 60 wt % graphite) at 0.2 A g −1 ( Figure S10 ). Most importantly, a reversible specific capacity of 892 mA h g −1 for ZGC10 was retained when the current density returned to 100 mA g −1 after the charge and discharge cyclings at various current densities (Figure 2d) . Moreover, the Coulombic efficiency of partially crystalline ZGC10 was also nearly 100% at the different current densities (Figure 2d ). This remarkable rate capacity can be reasonably ascribed to the presence of both the amorphous regions in ZGCs and the elastic, highly conductive graphene sheets, which imparted the accommodation of the volume expansion of Zn 2 GeO 4 nanorods, ensuring their structural stability even under large current density.
The XRD measurements were carried out to identify the phase compositions of ZGC10 electrode after the 1st discharge to 0.01 V and the 1st charge to 3 V (i.e., curves 1 and 2 in Figure 3a , respectively). In curve 1, the diffraction peaks of Li 2 O, Zn, Ge, Li 11 Ge 6 , and Li 3.5 Zn 0.5 GeO 4 were found, and the remaining peaks resulted from the decomposition of the electrolyte. In a stark contrast, the diffraction peaks noted above disappeared and the peaks of ZnO and GeO 2 emerged (curve 2) when the ZGC10 electrode was charged to 3.0 V. The disappearance of Li 2 O after the 1st charge suggested that the decomposition reaction of Li 2 O was reversible.
To elucidate the electrochemical reaction mechanism of partially crystalline ZGCs, the first three cyclic voltammograms (CV) scans of ZGC10 electrode were performed (Figure 3b ). CV scans of Zn 2 GeO 4 /graphite composite electrodes were also conducted as comparison ( Figure S11 ). The CV curves obtained from ZGC10 were similar to that of purely crystalline Zn 2 GeO 4 3 or Zn 2 GeO 4 particle/graphite composites. On the basis of the XRD results and the reaction mechanism of purely crystalline 3 and amorphous 7 Zn 2 GeO 4 , the mechanism of Li insertion and extraction in ZGCs can be proposed as follows. In the 1st cathodic scan that was carried out from an open circuit voltage of 3.0 V, a sharp peak appeared at about 0.55 V, corresponding to the decomposition of Zn 2 GeO 4 (eq 2 in Supporting Information) accompanied by the formation of SEI films and alloying reactions (eqs 4 and 5 in Supporting Information) between Li and Ge (and Zn). 3 During the 1st anodic scan, two obvious peaks at 0.5 and 1.4 V were observed (Figure 3b ), which can be assigned to the delithiation of Li−Ge and Li−Zn alloys at 0.5 V (eqs 6 and 7 in Supporting Information), followed by the reoxidation of two metals to form GeO 2 and ZnO at 1.4 V (eqs 8 and 9 in Supporting Information). The reversible formation of Li 2 O buffer layer accommodated the volume change during the delithiation and lithiation processes. We note that the CV curves did not show a recognizable difference in the peak shapes between the subsequent two scans and the first one, except a large peak shift to high potentials (i.e., during the discharge process). The almost overlapped peaks after the 2nd scan during the charge process indicated that Li + was fully participated in the charge/ discharge processes due to the good reversibility of the electrochemical reaction in ZGCs after they were activated. 6, 27 The irreversible capacity in the initial cycles may partially be attributed to the multistep reaction of Zn 2 GeO 4 . The formed amorphous Li 2 O reacted reversibly with Zn and Ge during the subsequent cycles and provided a buffer to restrict the volume change.
It is noteworthy that the 1st reversible specific capacity of partially crystalline ZGC10 electrode (1020 mA h g −1 ; Figure  2c ) was larger than those previously reported in purely crystalline Zn 2 GeO 4 nanorods (995 mA h g −1 ), 3 crystalline Zn 2 GeO 4 nanorods/N-doped graphene (870 mA h g −1 ), 6 and amorphous Zn 2 GeO 4 (560 mA h g
−1
). 7 The initial Coulombic efficiency (67.6%; Figure 2d ) of partially crystalline ZGC10 electrode was also higher than that of amorphous Zn 2 GeO 4 (34%), 7 crystalline Zn 2 GeO 4 nanorods (54%), 3 and crystalline Zn 2 GeO 4 nanorods/N-doped graphene (59.7%). 6 Specifically, partially crystalline ZGC10 (containing only 10.2 wt % graphene) pocsessed a reversible specific capacity of 768 mAh/g in the 50th cycle at the current density of 200 mA/g and a comparable rate performance (780 mA h g −1 at the current density of 0.8A g
). The latter was slightly higher than that of Zn 2 GeO 4 nanorods/N-doped graphene (containing 27.8 wt % graphene; 773 mA h g −1 at the current density of 0.8A g
). 6 In the present study, a facile two-step hydrothermal processing of Zn 2 GeO 4 with the addition of a small amount of graphene was employed to synthesize intriguing partially crystalline ZGCs that comprised crystalline and amorphous regions in a single Zn 2 GeO 4 nanorod. This strategy may be utilized for the large-scale production of ZGCs at relatively low cost due to the use of less graphene. The impressive performance of partially crystalline ZGCs electrodes for LIBs may be rationalized in the following. (i) The amorphous region in partially crystalline Zn 2 GeO 4 nanorods was provided as the buffer layer, which would not suffer from stresses due to the phase transition, and thus facilitated the accommodation of the volume change during lithiation and delithiation. 7 (ii) The elastic graphene sheets covering the Zn 2 GeO 4 nanorod surface enhanced the conductivity of the resulting ZGC electrode. They served as effective elastic buffer spacers, which may prevent Zn 2 GeO 4 nanorods from aggregation, cracking, or crumbling during the Li + insertion/extraction processes, thereby imparting the accommodation of the volume change of Zn 2 GeO 4 nanorods as well. In comparison, mechanically mixed graphite only exerted a limited influence in high weight ratio (80 wt % graphite). Taken together, the volume change of the crystalline region of partially crystalline Zn 2 GeO 4 nanorods can be readily accommodated by the incorporation of elastic, high-conductivity graphene covered on the surface in conjuction with the presence of the amorphous region of Zn 2 GeO 4 nanorods. Consequently, the partially crystalline ZGC electrodes yielded the enhanced energy storage capacity, high Coulombic efficiency, and commendable cycling stability.
■ CONCLUSIONS
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